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Susceptibility Genes
ical same-sex twin studies suggest that the elevated
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via Selmi 3 tern of difficulties is observed among a minority of rela-
tives in family studies (Bailey et al., 1998).40126 Bologna
Italy The genetic mechanisms predisposing to autism and
related milder phenotypes are not known, but neither
the level of familial risk nor the very different concor-
dance rates in MZ and DZ twin pairs is compatible withIntroduction
a simple monogenic model. It is possible that Mendelian,The current interest in identifying susceptibility loci for
monogenic inheritance is implicated in a minority of indi-autism reflects the degree to which molecular genetic
viduals, but the majority of cases seem likely to arisefindings seem likely to transform our understanding of
on the basis of multiple susceptibility genes; otherwisethe underlying pathology, improve diagnosis and ge-
known as polygenic or oligogenic inheritance. In suchnetic counseling, and eventually lead to new strategies
genetically complex disorders, functional variants inof prevention and treatment for this handicapping dis-
susceptibility genes have only a weak or moderate ef-ease. Autism represents the prototypical pervasive de-
fect: they confer an increased risk of developing thevelopmental disorder (PDD): a group of neurodevel-
disorder but each locus is insufficient alone to cause theopmental conditions characterized by impaired social
full clinical phenotype. There may also be heterogeneityinteraction and communication, accompanied by un-
with susceptibility attributable to several, possibly over-usually restricted and stereotyped patterns of behaviors
lapping, sets of interacting genes. Models using familyand interests and an onset in the first 3 years of life (for
and twin data for autism and related phenotypes havereview, see Bailey et al., 1996). The diagnostic features
been generated suggesting that between two and tenof autism are outlined in Table 1. The clinical presenta-
loci may be implicated (Pickles et al., 1995), a modeltion can vary considerably between affected individuals
with three interacting loci providing the best fit. Whetherand is influenced by intellectual level and the possible
individual loci predispose to specific components of thepresence of nonspecific behaviors such as hyperactivity
behavioral phenotype is presently unclear. In addition,and self-injury. Several reports of abnormalities in the
other genetic mechanisms, such as expanding triplethippocampus, amygdala, cerebellum, and cerebral cor-
repeats or imprinting may contribute to the complexitiestex may provide some clues about the neuroanatomical
of inheritance and phenotypic variability.basis of autism; however, there is still no consensus
about how these abnormalities relate to developmental
psychopathology, general cognitive impairment, and the Clues from Chromosomal Abnormalities
The strong genetic predisposition and the early age ofdevelopment of epilepsy.
onset make autism an obvious candidate for molecular
genetic approaches to identify the underlying biologicalImportance of Hereditary Factors
in the Etiology of Autism mechanisms.
An association between a disease and chromosomalAutism is etiologically heterogeneous; known medical
conditions are implicated in perhaps 10%–25% of abnormalities—such as deletions, translocations, and
duplications—can point to areas of potential interest forcases, the strongest associations being with tuberous
sclerosis and the Fragile X syndrome. Family and twin mapping.
A great variety of chromosomal abnormalities havestudies show evidence for a substantial genetic predis-
position in most idiopathic cases. The prevalence of been reported in individuals with autism (reviewed in
Gillberg, 1998), but one potentially specific associationcore autism has been estimated to be 5 in 10,000 (Fom-
bonne, 1999), whereas the rate of similarly defined au- is with abnormalities of an unstable region of chromo-
some 15 (15q11-q13). The most common abnormalitiestism among siblings of affected probands is between
2% and 3% (Szatmari et al., 1998). All three epidemiolog- are interstitial duplications or a supernumerary pseudo-
dicentric chromosome 15 (inv-dup[15]) in patients with
autism spectrum disorders—often associated with sei-§ To whom correspondence should be addressed (e-mail: maestrin@
alma.unibo.it). zures, hypotonia, and severe mental retardation (for ex-
Neuron
20
Table 1. Clinical Features of Autism
Qualitative impairments in communication:
—Delay in or lack of language development together with a paucity of social usage of whatever language skills are present.
—Impairment in spontaneous make-believe play and social imitative play.
—Poor flexibility and relative lack of creativity in language expression.
—Lack of accompanying gesture to emphasize or aid meaning in communication.
—Impaired emotional response to other people’s verbal and nonverbal overtures.
Qualitative impairments in social interaction:
—Lack of social reciprocity due to inadequate appreciation of socioemotional cues. This is evident in the impaired response
to other people’s emotions and/or poor modulation of behavior according to social context.
—Impaired usage of social, emotional, and communicative behaviors including eye contact and facial expression.
—Impairment in the development of peer relationships.
Restrictive repetitive and stereotyped behavior, interests, and activities:
—Tendency to impose rigidity and routine on a range of aspects of day-to-day functioning. This applies to novel activities as
well as to familiar habits and play patterns.
—May have stereotyped preoccupations with interests such as dates, routes, or timetables.
—Motor stereotypes such as hand or finger flapping and twisting.
ample, see Cook et al., 1997a). The 15q11-q13 region “model-free” linkage methods are used that do not re-
quire specification of an inheritance model but insteadhas been shown to contain several genes subject to
imprinting, a phenomenon resulting in differential ex- rely on assessing allele sharing between two or more
affected individuals within multiple nuclear families (Fig-pression of alleles at a locus, depending on the parent of
origin (Reik and Walter, 1998). Problems with imprinted ure 1). The goal is to identify markers at which affected
pairs share alleles more often than expected by chance,genes at 15q11-q13 give rise to the Prader-Willi syn-
drome (PWS, MIM 176,260) and the Angelman syndrome as such markers may be linked to a susceptibility gene.
Although these model-free linkage methods are robust,(AS, MIM 105,830), both disorders that are reportedly
associated with autistic-like symptoms in a subset of they have relatively low power to detect genes of small
effect; a situation in which association studies are morecases. Interestingly, when parental origin has been in-
vestigated, all of the 15q duplications associated with powerful. Association strategies are based on identi-
fying alleles that occur at significantly different frequen-autism were derived from the mother, raising the possi-
bility that any putative susceptibility locus for autism cies in samples of affected and control individuals.
Case-control studies utilize unrelated controls, andmay be imprinted.
Rarely sex chromosome abnormalities have been re- careful matching is required to avoid false positive re-
sults due to cases and controls being drawn from differ-ported in association with autism; a finding of potential
interest since three-quarters of individuals with autism ent gene pools. Family-based association designs, such
as the Transmission Disequilibrium Test (TDT, Figure 1),are male. Skuse et al. (1997) described an increased
incidence of autism among females with 45,X (Turner overcome this potential difficulty by using as internal
controls the frequencies of parental alleles that are notsyndrome). They also found that maternal origin of the
single X chromosome was associated with significantly transmitted to affected offspring (Spielman and Ewens,
1996). Association of a particular allele with a diseasemore deficits in social cognition and verbal IQ than pa-
ternal origin. Whether this particular apparent imprinting can occur if the allele is implicated in the etiology of
the disease, or if it is in linkage disequilibrium with theeffect is relevant in idiopathic cases of autism is unclear,
as fathers seem to show a higher rate of milder autism- susceptibility locus. Association is usually only detect-
able if the allele is very close to or within the susceptibil-related phenotypes than mothers (Bailey et al., 1998).
ity gene, so the approach is predominantly used to test
polymorphisms within known candidate genes, or as aMapping Disease Genes: Linkage and Association
tool for fine mapping a region of interest identified byGenetic mapping relies on tracking the cosegregation
linkage studies.of polymorphic DNA markers (naturally occurring varia-
tions in DNA sequence) with a disorder. A statistically
significant association between the disorder and mark- Genome-Wide Linkage Studies
In the absence of strong clues to the location or natureers at an identified genetic location implies a nearby
susceptibility locus, ultimately permitting identification of susceptibility loci for autism, many groups have em-
barked on a whole genome screen using an affectedof the gene without a priori knowledge of its biological
function. There are two different approaches to genetic relative-pair design. This typically involves genotyping
300–400 highly polymorphic microsatellite markers,mapping: linkage and association (Figure 1). Linkage is
based on identifying markers that cosegregate with the evenly spaced throughout the genome. All the available
linkage information is then used to calculate the maxi-disease within families and classically uses multigen-
erational pedigrees—containing several affected indivi- mum lod score (MLS) value at each point of the genome
to generate multipoint MLS profiles along the 23 chro-duals—in which it is possible to infer the mode of
inheritance of the disease locus and specify the rele- mosomes. The peaks in these profiles represent the
possible locations of susceptibility genes.vant parameters. In genetically complex disorders, the
mode of inheritance is generally unknown and large af- Five genome-wide scans have been completed to
date (see Table 2). In interpreting their findings, somefected pedigrees are unavailable. Therefore, alternative
Review
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Figure 1. Linkage and Association as Tools to Disease Gene Mapping
general difficulties posed by this approach to the study ences between samples in terms of exclusion of other
disorders, age at assessment, sex ratio, and IQ distribu-of complex traits must be considered. Quite what repre-
sents significant linkage in a whole genome screen is tion; there are also likely to be other phenotypic differ-
ences. The International Molecular Genetic Study of Au-unclear, as the procedure involves multiple statistical
tests and the number of true susceptibility loci is not tism Consortium (IMGSAC, 1998), the Paris Autism
Research International Sibpair Study (PARIS) (Philippeknown. Some authors have proposed a genome-wide
lod score threshold of 3.6 for affected sib-pairs (resulting et al., 1999), and Stanford study (Risch et al., 1999)
employed model-free likelihood methods, while the Col-in a 5% false positive rate in a whole genome scan).
Nevertheless, that threshold will not always be attain- laborative Linkage Study of Autism (CLSA, 1999) and
the Duke group (Ashley-Koch et al., 1999; Bass et al.,able in an average size study (100–200 sib-pairs) when
the loci are of moderate effect, and adopting a high 2000) used a combination of model-free and parametric
lod score methods. A two-stage search was carried outthreshold for declaring linkage may produce a consider-
able decrease in power. One strategy is to report all by the IMGSAC and Stanford research groups, while the
others analyzed a single set of families. The size of family“hits” suggestive of linkage in a genome scan, accepting
that false positives will be generated along with the true collections ranged from 51 (PARIS) to 139 multiplex fam-
ilies (Stanford study).results. Supplementary evidence can then be sought to
distinguish between the true and false results. Indepen- Although none of the genome scans found a locus
with conclusive evidence for linkage (MLS . 3.6), twodent replication of positive findings is generally ac-
cepted as an indicator of a true positive result, but that or more studies found suggestive evidence of linkage
in overlapping regions, which are likely to represent truecan also be difficult to achieve as the number of families
required to replicate linkage in a multilocus disorder is linkage findings. The most consistent results are for a
region on chromosome 7q. Linkage to this region wassubstantially larger than the number needed to establish
linkage (Suarez et al., 1994). A further difficulty is that first reported by the IMGSAC, and it represents the high-
est score obtained in their genome scan (IMGSAC,in multilocus disorders location estimates for relatively
weak loci may be several centimorgans (cM) away from 1998), providing a multipoint MLS of 2.53 in 99 multiplex
families. Although the other groups each reported a dif-the true disease locus (Roberts et al., 1999). Colocaliza-
tion of a suggestive linkage with a region identified from ferent locus as their most significant result (Table 2),
they all detected some degree of increased sharing ina cytogenetic abnormality associated with the disorder
provides a further means of distinguishing true from 7q. This is a very exciting outcome given the general
difficulties in replicating linkage claims in psychiatricfalse positives. Other factors that may complicate com-
parison of the results from the genome scans reviewed disorders. However, a closer look at the individual stud-
ies reveals a complex scenario, with some of the positivein Table 2 include differences in the ascertainment of
cases and inclusion–exclusion criteria, the use of differ- findings pointing to genomic regions several cM away
from each other. Further work including combina-ent analytical approaches and marker maps, and the
varying size of family collections. Although all five re- tions of linkage, association and candidate genes ap-
proaches, is now in progress to better define this poten-search groups followed somewhat similar diagnostic
and inclusion criteria, there are still identifiable differ- tial susceptibility locus. The PARIS group (Philippe et
Neuron
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al., 1999) reported an MLS of 0.83 at the marker D7S486,
and the Stanford group identified an MLS of 0.93 at
D7S1804 (Risch et al., 1999); both markers are within
15 cM of each other and the IMGSAC peak. Yet, in
the CLSA study (1998), there were two distinct peaks
separated by over 45 cM; the most significant is z30
cM proximal to the IMGSAC peak, whereas the other is
distal. The two peaks reached a score of 2.20 and 0.80,
respectively, using the MMLS/het statistic; this method
maximizes the lod score over different models (domi-
nant, recessive) and over an admixture parameter to
allow for locus heterogeneity. The authors suggested
these two peaks on 7q might relate to a single locus
that is possibly coincident with that identified by others.
The Duke group have published a follow-up study of
the 7q31–7q35 region (Ashley-Koch et al., 1999), which
was investigated because of the results from the other
scans, their initial screen findings and access to a family
segregating a paracentric inversion involving the chro-
mosome 7 candidate region, inv(7)(q22-q31.2). The in-
version was inherited from the unaffected mother by
three siblings: two brothers have autism, while their sis-
ter has expressive language impairment. Precise map-
ping of the breakpoints was not performed; however,
the distal breakpoint of the inversion is located in 7q31.2,
proximal to the IMGSAC linkage region. Linkage analysis
in 76 multiplex families gave positive lod scores with
markers distal to the inversion breakpoint overlapping
the IMGSAC candidate region (Genehunter NPL score
of 2.01 at marker D7S640). Sib-pair analysis revealed
an increased paternal contribution to IBD sharing and
an increased recombination rate in autism families com-
pared to CEPH controls was also observed. TDT analy-
sis demonstrated a weak transmission distortion at the
two distal markers D7S495 (p 5 0.03) and D7S1824 (p 5
0.01), again with a greater contribution from paternal
transmissions, suggesting a possible imprinting effect.
The linkage, association, cytogenetic, and parental ori-
gin data in the Duke study are not entirely consistent,
as the positive linkage results are telomeric to the
breakpoint in 7q31.2 and the inversion is maternally
transmitted, in contrast to the paternal influence on the
linkage and association findings.
The second emerging area of interest is on chromo-
some 15q11-q13, overlapping with the region involved
in the cytogenetic rearrangements associated with au-
tism. A cluster of genes encoding g-aminobutyric acid
receptor (GABAA) subunits, considered potential candi-
date genes for autism, also map to this region. The Duke
group investigated this region in detail (Bass et al., 2000).
Parametric and nonparametric analysis on 63 multiplex
families gave a peak at D15S217 (p 5 0.03), distal to
the GABAA receptor genes cluster. An increased recom-
bination rate in autism families was also observed for
this region. Other linkage results pointing to this region
are a MLS 5 1.10 from the PARIS genome scan, and a
very modest increased sharing detected by the CLSA
group. In the IMGSAC and Stanford families, this region
showed no evidence of linkage.
Other potential areas of interest showing increased
sharing in more then one study include regions on chro-
mosome 13q and 16p. The 13q region was the most
significant result in the CLSA genome scan, with a
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MMLS/het score of 3 and an estimated proportion of
Review
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families linked to this locus of 35%. Weak increased screens and the enlargement of existing family collec-
tions. Larger sample sizes will help all groups to increas-sharing in the same 13q region also appeared in the
Stanford genome screen (MLS 5 0.68); in the IMGSAC ingly distinguish between true and spurious linkages
and further overlapping areas of linkage are likely tostudy, a modestly positive lod score (MLS 5 0.59) was
reported z30 cM distal to the CLSA highest peak. The emerge. We can also anticipate the use of more sophisti-
cated analytical approaches to extract the full genetic16p region was the second most significant result de-
tected by the IMGSAC (MLS 5 1.51); the PARIS study information from family data by accurately measuring
milder autism phenotypes and dimensionalizing the dif-detected a MLS 5 0.74 in 16p, while no increased shar-
ing was present in the remaining genome scans. To ferent phenotypic components for use in Quantitative
Trait Loci analysis. The identification of the first autismdate none of the genome scans have found linkage to
chromosome X. susceptibility gene is likely to accelerate the discovery
of other genes and will hopefully provide pointers to the
mechanisms underlying abnormal brain developmentAssociation Studies
and function. That leap in our knowledge will be crucialPositive associations using case-control designs have
for developing new preventative and treatment strat-been reported for polymorphisms at several loci, includ-
egies.ing the c-Harvey-ras-1 (HRAS1) gene, the EN2 ho-
meogene, and specific HLA haplotypes. These asso-
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